Objectives / methods: In addition to nitric oxide (NO) and prostacyclin, endothelium-dependent dilation is mediated by the endothelium-derived hyperpolarizing factor (EDHF) which, in the coronary circulation, has been characterised as a metabolite of arachidonic acid synthesised by an cytochrome P450 (CYP) epoxygenase homologous to CYP 2C8 / 9. As the promotor regions of CYP 2C8 and 2C9 contain consensus sequences for glucocorticoid response elements, we determined the effect of cortisol on EDHF-mediated relaxations as well as on the expression of CYP 2C in isolated segments of porcine coronary artery. Results: Bradykinin-induced NO-mediated relaxation of KCl-constricted arterial rings was slightly attenuated following exposure to cortisol. However, EDHFmediated relaxations of U46619-constricted arterial rings assessed in the presence of the cyclo-oxygenase inhibitor diclofenac and the NO v synthase inhibitor N nitro-L-arginine (0.3 mM), were significantly enhanced (maximum relaxation: 6667%, P,0.05 vs. control rings: 3668%). Cortisol treatment (0.1 mM, 24 h) did not affect the endothelium-independent relaxation elicited by sodium nitroprusside and acute incubation with cortisol (0.1 mM, 30 min) did not alter either NO-or EDHF-mediated responses. The expression of CYP 2C (quantified by RT-PCR, Western blot analysis and confocal microscopy) was enhanced in porcine coronary endothelial cells following incubation with cortisol for 18-24 h. Conclusions: These results demonstrate the concomitant upregulation of EDHF-mediated relaxations and CYP 2C expression by long-term treatment with cortisol. These observations support the concept that an epoxygenase homologous to CYP 2C8 / 9 plays a crucial role in the generation of EDHF-mediated responses in the coronary endothelium.
of factors such as neuro-transmitters released from audent vasodilatation originally described was coincident tonomic nerves, circulating vasoactive compounds, tissue with vascular smooth muscle hyperpolarisation, and was metabolites and endothelium-derived autacoids. The best abolished by depolarising concentrations of potassium, it characterised autacoids are the potent vasodilators nitric was proposed to be mediated by an endothelium-derived oxide (NO) and prostacyclin (PGI ) and the vasoconstrichyperpolarizing factor or 'EDHF' [1] . E-mail address: j.bauersachs@medizin.uni-wuerzburg.de (J. Bauersachs).
Time for primary review 21 days. different vascular beds and in different species but the MgSO 1.2 mM, CaCl 1.6 mM, K HPO 1.2 mM,
hyperpolarizing factor produced by coronary and renal NaHCO 25 mM, glucose 12 mM, and the cyclo-oxygen- 3 arteries from humans, pigs, cows, dogs, rats and rabbits ase inhibitor diclofenac (1 mM), for isometric force displays characteristics similar to those of a CYP-derived measurement as described [21] . Following equilibration for metabolite of arachidonic acid [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Endothelial CYP 30 min under a resting tension of 3 g, rings were enzymes generate epoxyeicosatrienoic acids (5,6-; 8,9-; repeatedly contracted with KCl (100 mM) until reproduc-11,12-and 14,15-EET) which elicit hyperpolarization by ible responses were obtained. Thereafter, the rings were 1 1 activating large conductance calcium-dependent K (K ) preconstricted with the thromboxane mimetic U46619 Ca channels [7, 14] , as well as the Na-K-ATPase [15] .
(10-100 mM) to about 70% of the maximal constriction Originally, a role for CYP-dependent metabolites of and the relaxation to cumulative doses of bradykinin (0.1 arachidonic acid in EDHF-mediated responses was implied nM-1 mM) and to sodium nitroprusside (1 nM-1 mM) on the basis of the fact that CYP inhibitors, such as was assessed with or without prior inhibition of NO [16, 17] . Indeed, incubation of porcine coronary arteries with antisense, but not sense or scrambled, oligoPorcine epicardial artery segments (40 mm long) were nucleotides against CYP 2C8 / 9, markedly reduced the excised, side branches were sealed with surgical clips, and endothelial expression of CYP 2C protein and attenuated the segments were cannulated at both ends, placed into bradykinin-induced, EDHF-mediated hyperpolarization vessel chambers and perfused with MEM containing either and relaxation [16] . A similar approach was used to show solvent or cortisol (0.1 mM, 18-24 h). Endothelial cells or that EDHF-mediated responses in isolated resistance artotal RNA were isolated through intraluminal incubation teries from hamster gracilis muscle can also be attributed with either dispase (2.4 U / ml) or guanidine isothiocyanate. to the activation of a CYP 2C epoxygenase homologous to Random hexanucleotide primers were used for reverse CYP 2C8 / 9 [18] .
transcription (RT) of equal amounts of RNA as described Little is known about the mechanisms controlling the [17] . The oligonucleotides used for polymerase chain expression of CYP 2C in endothelial cells, although reaction (PCR) were derived from a porcine CYP 2C34 enzyme expression is reported to be enhanced by cyclic sequence (Genebank accession no.: U35843), upstream stretch [19] . As the promoter regions of both CYP 2C8 and primer: AGACAACGAGCACCACTCTG, downstream CYP 2C9 contain consensus sequences for glucocorticoid primer: CTTGGGGATGAGGTAGTTT) which exhibited a response elements [20] the aim of the present investigation high homology to the human 2C8 sequence (Genebank was to determine the consequences of long-and short-term accession no.: Y00498) and elongation factor (EF-2) exposure of endothelial cells to corticosteroids on the upstream primer: GACATCACCAAGGGTGTGCAG, expression of CYP 2C as well as on EDHF-mediated downstream primer: GCGGTCAGCACACTGGCATA. relaxation of isolated porcine coronary arteries.
PCR products were separated on a agarose gel and visualized by staining with ethidium bromide. For the verification of the DNA fragment, the PCR-products were 32 2 . Methods transferred to nylon membranes and hybridized with Plabelled DNA fragments derived from a plasmid con-2 .1. Organ culture and vascular reactivity studies taining the coding sequence of CYP 2C8. Phenol-soluble protein or microsomal fractions (100 000 g pellets) prePorcine coronary arteries (obtained from the local pared from isolated porcine coronary endothelial cells were slaughterhouse) were cleaned of connective tissue and cut subjected to SDS-PAGE (8%) and Western blotting using into rings (3-4 mm in length). Rings were then incubated a polyclonal antibody generated using a CYP 2C9 peptide in Medium 199 (cc pro, Neustadt, Germany) containing sequence (RRRKLPPGPTPLPIC). polymyxin B (100 U / ml) and either cortisol (0.1 mM), following composition: NaCl 118 mM, KCl 4.7 mM, ments were permeabilised with Triton X-100 (0.2%) and incubated in glycine (100 mM) for 10 min. Thereafter, segments were co-incubated with a specific polyclonal CYP 2C antibody (kindly provided by Dr E. Morgan, Atlanta) and a monoclonal actin antibody (Sigma) for 2 h, Following incubation with fluorescein and Texas Redcoupled secondary antibodies (Dianova, Hamburg, Germany) for 60 min, the preparations were mounted and viewed using a confocal microscope.
.4. Materials
All chemicals were obtained in the highest purity available from Sigma (Deisenhofen, Germany).
.5. Statistics
Relaxations are given as percentage of the response to U46619. All data in the figures and in the text are expressed as mean6S.E.M. of n experiments with segments from different arteries. Statistical analysis was performed by one-way analysis of variance (ANOVA) followed by a Bonferroni t-test or by the two-tailed Student's t-test for unpaired data, where appropriate. Differences were considered to be statistically significant when P,0.05.
. Results

.1. Vasodilator responses
In coronary rings pre-contracted with U46619 in the presence of diclofenac, bradykinin elicited concentrationdependent relaxations, which were slightly enhanced in rings exposed to cortisol (0.1 mM) for 24 h (Fig. 1A) .
Inclusion of L-NA in the organ chamber to inhibit NO production and reveal that component of the response mediated by an EDHF, attenuated the maximal bradykinininduced relaxation (Fig. 1B) . However, in cortisol-treated coronary artery rings the maximal L-NA-and diclofenac- 
significantly, diminished bradykinin-induced, NO-mediated
The asterisk indicates statistically significant differences with control relaxations (Fig. 1C). (P,0.05).
Sodium nitroprusside elicited a concentration-dependent relaxation of coronary artery rings which was not affected by prolonged incubation with cortisol (0.1 mM, Fig. 2A ).
3 .2. Expression of cytochrome P450 Short-term exposure to cortisol (0.1 mM, 30 min) did not affect the relaxation of coronary arteries elicited by Low levels of CYP 2C mRNA were expressed in sodium nitroprusside or bradykinin (Fig. 2B) .
porcine coronary endothelial cells recovered from arterial Neither short-term nor long-term exposure to estradiol segments incubated for 24 h under control conditions. or aldosterone had any effect on endothelium-dependent or Cortisol (0.1 mM, 24 h) increased the expression of CYP -independent vascular reactivity (data not shown).
2C mRNA and protein (Fig. 3) . exposure to estradiol or aldosterone did not affect endothelium-dependent or -independent vascular reactivity. Confocal microscopy was used to localise the expression Our data demonstrate that the long-term incubation of of CYP 2C within the vessel wall. These experiments porcine coronary arteries with cortisol significantly enshowed that in porcine coronary artery segments, CYP hanced bradykinin-induced EDHF-mediated relaxation. 2C9 is expressed exclusively in the endothelial cell layer
The enhanced EDHF-mediated relaxation induced by (Fig. 4) . No CYP 2C immunostaining was detected in cortisol treatment was accompanied by an increased exeither smooth muscle cells or in the adventitia. Exposure of pression of CYP 2C mRNA and protein in porcine coronary segments to cortisol, markedly increased the CYP coronary artery endothelial cells as demonstrated by two 2C fluorescent signal when compared with that observed in different approaches. Firstly, in native endothelial cells vessels which were perfused in the absence of the steroid.
isolated from porcine coronary arteries perfused for 18 h, Western blotting as well as RT-PCR revealed a cortisolinduced up-regulation of CYP 2C expression. Secondly, 4 . Discussion immunofluorescent analysis using a specific antibody against CYP 2C demonstrated that prolonged incubation The results of the present study demonstrate that with cortisol selectively increased the fluorescence signal chronic, but not acute, treatment of porcine coronary in endothelial cells. The effect of cortisol is therefore arteries with cortisol markedly increases the expression of comparable to that of nifedipine, which induced a parallel increase in the expression of CYP 2C, EET generation and generates EETs in endothelial cells there is no evidence EDHF-mediated responses [17] . Although it was not linking its activity or expression to the regulation of possible to demonstrate a one to one relation between vascular tone by an EDHF-dependent mechanism. EDHF and CYP 2C in the present study, our results Cortisol-treatment had no effect on endothelium-indesupport the hypothesis that CYP 2C plays a crucial role in pendent relaxation, but slightly attenuated the NO-memediating EDHF-dependent relaxation. The functional diated relaxation of arterial rings contracted with KCl. A consequences of endothelial CYP2C / EDHF synthase regunumber of mechanisms may account for this finding. For lation by cortisol are potentially wide reaching, since in example, cortisol may affect the expression of the endo-1 addition to activating K channels and modulating arterial thelial NO synthase (eNOS) and dexamethasone-induced Ca tone, the EETs regulate multiple endothelial and smooth hypertension has previously been linked with attenuated muscle signalling pathways and may promote both endoeNOS expression in rats [26] . However, we did not thelial cell proliferation [22] and angiogenesis [23] as well observe an alteration of eNOS expression in porcine aortic as exerting potent anti-inflammatory properties [24] . endothelial cells after chronic treatment with cortisol [27], Native and cultured endothelial cells express the arachand endothelial NO synthase activity is reported not to be idonic acid epoxygenases, CYP 2J and CYP 2C affected by exposure to corticosteroids [28] . However, as [16, 17, 24, 25] . While CYP 2J is constitutively expressed in reactive oxygen species are generated by CYP 2C8 / 9 and cultured endothelial cells, CYP 2C levels are highly radical production is enhanced by agonist stimulation [29] , variable and often no signal is detectable using RT-PCR.
it appears more likely that cortisol treatment attenuated the For example, although native porcine coronary artery bioavailability of NO as a consequence of the CYPendothelial cells clearly express CYP 2C protein, CYP 2C dependent generation of oxygen-derived radicals. mRNA and protein are barely detectable in primary
In contrast to the effect of prolonged cortisol incubation, cultures of these cells when maintained under static the acute addition of cortisol to arterial rings in the organ conditions [16, 17] . The particular interest in CYP 2C is chamber was without effect on EDHF-mediated relaxation. related to the fact that enhancing endothelial CYP 2C
This absence of an acute effect of cortisol on vascular expression enhances EDHF-mediated responses [16] and reactivity implies that the increase in CYP 2C expression / that CYP-derived EETs hyperpolarize and relax porcine EDHF-mediated relaxation is mediated by genomic actions coronary arteries [7, 8, 17] . The changes in CYP 2C expresof the steroid. This observation is consistent with reports sion do not occur concomitantly with changes in the of multiple consensus sequences for glucocorticoid regulaexpression of any of the other endothelial epoxygenases tory elements in the CYP 2C8 / 9 promoter region [20] , the identified to date. Therefore although CYP 2J potentially CYP enzymes thought to be highly homologous with the
